The fact that most extrasolar planets found to date are orbiting metal-rich stars lends credence to the core accretion mechanism of gas giant planet formation over its competitor, the disk instability mechanism. However, the core accretion mechanism is not refined to the point of explaining orbital parameters such as their unexpected semimajor axes and eccentricities. We propose a model, which correlates the metallicity of the host star with the original semi-major axis of its most massive planet, prior to migration, considering that the core accretion scenario governs giant gas planet formation. The model predicts that the optimum regions for planetary formation shift inward as stellar metallicity decreases, providing an explanation for the observed absence of long period planets in metal-poor stars. We compare our predictions with the available data on extrasolar planets for stars with masses similar to the mass of the Sun. A fitting procedure produces an estimate of what we define as the Zero Age Planetary Orbit (ZAPO) curve as a function of the metallicity of the star. The model also hints that the lack of planets circling metal-poor stars may be partly caused by an enhanced destruction probability during the migration process, since the planets lie initially closer to the central stars.
INTRODUCTION
The discovery of the first extrasolar planet around 51 Pegasi (Mayor & Queloz 1995) prompted an intensive search effort that continues today. Currently more than a hundred and thirty of them are catalogued, though the definition of planet may not be suited to some, whose masses place them more conveniently in the brown dwarf realm. The ultimate goal, the detection of a planet like our own, lies in a foreseeable future, as promised by plans of sophisticated space-born instruments capable of detecting Earth mass planets.
But even with a sample of gas giant planets at hand we face more than a few challenges regarding the main competing theories of gas giant planet formation, namely, core accretion and disk instability. None of them predicted the existence of gas giants so close to their parent stars, or the pronounced eccentricity of some of their orbits. There is, however, a feature of that sample that favors the core accre-tion mechanism: most of the planets are circling metal-rich stars, and this relation has recently been dismissed as a possible outcome of selection effects, or the result of pollution by the absorption of protoplanetary disk material and/or planets and/or disk leftovers such as planetesimals and comets Pinsonneault, DePoy & Coffee 2001) . Santos, Israelian & Mayor (2004) further argue that the frequency of planetary companions is remarkably constant (∼ 3%) up to solar metallicity, rising very rapidly afterwards and reaching ∼ 30% for twice the solar metallicity, a result that suggests the existence of threshold metallicity values for the efficiency of planet building.
Even studies that indicate some influence of selection effects and pollution (Murray & Chaboyer 2002; Laughlin 2002; Israelian et al. 2001 ) concede that the high metallicity is at least partly caused by a primordial metal-rich nebula that formed the stars. The fact that a recent photometric survey (Gilliland et al. 2000) of ∼ 34,000 stars in the globular cluster 47 Tucanae ([Fe/H] = −0.7) has found no transiting short-period planets is also an important indicator of the link between stellar metallicity and gas giant planet formation. The researchers expected to find ∼ 17 planets, based on the statistics of radial velocity surveys. However, the result of this survey should not be easily taken as typical for low metallicity stars because the very nature of the cluster may have created a bias. The high star density may have imposed extra restriction regarding planet formation and stability, since the radiation from the expected number of O stars can be sufficient to remove circumstellar disks before planets could form (Armitage 2000) . Moreover, close encounters between stars in the early stages of the globular cluster can also disrupt a disk (Bonnell et al. 2001) , or eject the planets that were allowed to form (e.g., Sigurdsson 1992) , leading to a population of free-floating planets that may or may not remain bound to the cluster, depending on the velocity of the ejection (e.g., Hurley & Shara 2002) . Altogether, these processes might explain the lack of planets in 47 Tuc.
Since both the accretion disk and the parent star are products of the same gas and dust cloud, the relation between primordial metallicity and the frequency of planet finding would be a natural outcome in the core accretion scenario (Pollack et al. 1996) , which holds that a rocky nucleus of around 10 Earth masses is formed before the massive infall of gas completes the formation of a gas giant. The disk instability model, on the other hand, is based on a self-gravitating mass of gas that is formed in the rotating accretion disk and is fairly insensitive to metallicity (Boss 2002a) . One of the main merits of the disk instability model is the short formation time (10 2 to 10 3 years) of protoplanets, observed in recent simulations (Boss 2002b; Mayer et al. 2002) , compared with the considerably longer time in a core accretion scenario (up to 10 million years), which would in principle violate the age constraint for accretion disks, based on observation of young stellar objects (Haisch, Lada & Lada 2001; Bary, Weintraub & Kastner 2003) . However, the simulations do not account for the long-term survival of the protoplanets, or the origin of the instability. Moreover, recent simulations incorporating stochastic core migration through the protoplanetary disk (Rice & Armitage 2003) show that a Jupiter mass planet can be formed within 10 Myr.
If the core accretion mechanism is indeed the one that regulates the formation of gas giant planets, as well as of rocky ones, then the existence of gas giant planets around metal-rich stars is probably but one consequence.
OPTIMUM ENVIRONMENT FOR PLANET FORMATION
Let us consider the key radial variables for planet formation in the accretion disk, disk temperature and surface density.
The disk temperature drops continuously as the distance to the star increases, following a power law. For example, a crude profile can be derived from gravitational potential energy conservation and blackbody radiation (Hartmann 1998) , showing that the disk temperature is proportional to r −3/4 , where r represents the radius; considering only the radiation from the central star that is intercepted by the disk, a similar relation can be written.
Since the gravitational pull of the embryo gas giant planet gets more efficient for low gas temperature, we should expect gas giants to form at considerable distances from their host stars. On the other hand, the roughly spherical form of the contracting nebula dictates that the disk surface density has a decreasing radial profile (Hartmann 1998; Pringle 1981) , so that at large distances from the star the advantage of low temperatures is hampered by the lack of available matter. The "optimum formation radius" is therefore a compromise between these two parameters. We should then expect that at this radius the probability of planet formation is maximum, or, considering multiple planet systems, that at this point the most massive planet is expected to be formed.
This scenario is consistent with an embryo planet already pulling gas and dust, but the initial step of planet formation, according to the core accretion model, would involve not the surface density, but more precisely the dust surface density, since a rocky core is formed in the first place. The dust surface density also decreases as distance increases, so that we have again an "optimum formation radius". But here we hit a possible connection between the stellar metallicity and the semi-major axis of our embryo planet; for we could then expect that for stars with higher metallicity (and considering the stellar and accretion disk masses equal), the radial profile of the dust surface density is altered.
According to recent studies of the radial flow of dust particles in accretion disks (Takeuchi & Lin 2002) , medium size particles (10 to 100 µm) will migrate inward rapidly (orbital decay time ∼ 10 6 yr for 100 µm particles), distorting the radial profile in a way that in the inner part of the disk (up to ∼ 15-20 AU), which is the relevant distance range for the formation of the class of planets we are discussing, it will get flatter (see Fig. 9a of Takeuchi & Lin 2002) , becoming steeper further out. Larger particles ( 1 mm) will concentrate in an even narrower region (upper bound ∼ 1 AU), beyond which the dust surface density falls to a value around one order of magnitude below that of 100 µm particles.
If we also take into account that gas giants are not believed to form through core accretion beyond ∼ 20 AU (Mayer et al. 2002) , since the formation of a solid core would take too long with the surface densities involved, the profile in the region of potential gas giant planet formation is flatter compared with that of the outer region, and we can infer that it will get even flatter in a higher metallicity disk, since more dust particles will migrate radially inward. This phenomenon will push the "optimum formation radius" outward, since the competing effect of a lower temperature will tend to get the upper hand.
Thus, considering the physical variables of both the accretion disk and the parent star that were taken into account, there may be a significant correlation, in a sufficiently large sample of planetary systems, between the initial semimajor axis of the most massive gas giant planet in a given planetary system and the metallicity of its parent star, since the most massive one would probably be formed at or near the optimum radius. Such behavior would be constrained at great distances, where the dust surface density becomes too low, and at very low radii, where the high temperature prevents the massive accretion of gas from taking place, and leaving only small, rocky planets like the Earth. The new planets circling very metal-rich stars and very metal-poor ones would then tend to be located at two asymptotic semi-major axis (SMA) values. These arguments lead naturally to the suggestion that a growth curve might exist.
This model can be parametrized mathematically by the following reasoning.
Let P be the probability of giant gas planet formation as a function of radius; it can be assumed as being proportional to the dust surface density, σS (Lineweaver 2001; Wetherill 1996) , since the planet formation process requires the a priori agglomeration of a rocky planetary embryo, whose rate of growth is directly proportional to the surface mass density of solids (Pollack et al. 1996; de Pater & Lissauer 2001) , which in turn is directly related to the dust surface density at the time of the formation of solid planetesimals; P can also be assumed as being inversely proportional to the disk temperature, since the gas accretion rate that ultimately forms the gas giant is directly proportional to the gas density in the immediate vicinity of the protoplanet (Pollack et al. 1996) , which in turn can be considered proportional to 1/T , as dictated by the ideal gas law, in a nebula with gas in pressure equilibrium, at least until the beginning of the runaway gas accretion. If the gas accretion rate is too small, the formation time exceeds the lifespan of the gas in the protoplanetary disk and no gas giant will be formed. In the simulation conducted by Pollack et al. (1996) , the temperature also influences the gas accretion rate in a more subtle way, as explained in the beginning of this section: the effective radius of the planet is defined by the boundary beyond which the thermal energy of the gas exceeds the gravitational binding energy, and the gas accretion rate is directly proportional to the effective radius, so a planet traveling through a cooler gas will tend to grow faster.
Thus, we can write P ∝ (σS/T ).
(1)
Considering that the radial profile of σS (de Pater & Lissauer 2001) is similar to that of surface density as adopted in recent simulations (Takeuchi & Lin 2002; Boss 2002b) , then
where α varies between approximately 0.5 and 1.5. The disk temperature profile is also assumed to follow a power law (Mayer et al. 2002 )
where β ∼ 2, and t is a constant (Boss 2002b) , at least for a given stellar mass. In Eq.
(2) and (3) r is given in units of AU. Note that even if we consider that the dependence of P on the temperature follows a power law, this can be incorporated into the parameter β in Eq. (3). In order to take into account our hypothesis that the probability is also a function of the metallicity, that is P = P (r, Z), where Z ≡ [Fe/H], we assume that α = α(Z) and β = β(Z), in such a way that the values mentioned above (for α and β) belong to the high metallicity range of the functions we are searching for. An increase in Z should cause an increase in the dust surface density, lowering the value of α, and also an increase in the disk opacity, which lowers the temperature gradient. Asymptotic values for α and β should be assumed when Z is large, since the boundary conditions ruling the heat exchange process (central star photosphere temperature, disk mass of finite extent, and in-terstellar matter temperature) aways require decreasing radial profiles for T and σS. On the other hand, large negative values of Z must originate large values for α and β.
The optimum value of (1) is calculated by setting dP = ∂P ∂r dr + ∂P ∂Z dZ = 0, so, ∂P/∂r = 0 and ∂P/∂Z = 0. Using Eq. (2) and (3), from ∂P/∂r = 0 we obtain the optimum formation radius
As expected, a flatter surface density profile will push the optimum radius outward. Using ∂P/∂Z = 0 the same procedure gives
so, using Eq. (4) and (5), we arrive to β dα = α dβ, which is valid for a constant ratio between α and β, that is, β/α = βi/αi, where βi and αi are, respectively, any inferior limit of the sum over some range of the functions α(Z) and β(Z).
It is worth noting that even if we consider only ∂P/∂r = 0 (and not necessarily ∂P/∂Z = 0) and once it is supposed that a successful planetary formation process is the one with simultaneous optimum or near-optimum values of α and β, that is
we still obtain β dα ≈ α dβ. The relation between α and β can be generalized as
where c is a positive constant and f is some function of the primordial metallicity (which is mirrored by the metallicity of the star prior to potential pollution effects). We have put the negative sign because of our basic assumption that α (or β) increases as Z decreases. A general form for the so far unknown f in Eq. (6) which takes into account the constraints mentioned before and meets the mathematical requirements is
where
The substitution of Z by (Z − Z0) accounts for the fact that the value ζ = 0 does not correspond necessarily to the solar metallicity. Note that f varies from 1 to 0 as Z varies respectively from −∞ to +∞. Then Eq. (6) states that for large values of Z, α and β have asymptotical constant values and for low values of Z both parameters and their rate of change, dα and dβ, go to +∞. Integrating Eq. (6) using (7) and (8) we have
which gives the functions we have been looking for, respectively
were αa and βa are the asymptotical values at high metallicity and ζ is given by Eq. (8). Substituting Eq. (9) in (4) we have
Thus, the optimum radius (which can be replaced by the SMA of unmigrated planetary orbits) is then linked to the metallicity Z. The population of young planets not yet influenced by migration would tend to follow a curve in a metallicity versus SMA diagram, dubbed ZAPO, for Zero Age Planetary Orbit. From Eq. (10), the minimum and maximum values of ropt are, respectively
In order to draw to a crude estimate of a migration process which would displace the entire ZAPO curve to a lower value and form different populations of migrated planets, we introduce in Eq. (10) the fraction n, so that r(Z, n) = n ropt(Z). Here we are considering the so-called type II migration mechanism, which dictates that the planet(s) formed is (are) large enough to open a gap in the protoplanetary disk, moving radially in lockstep with the gaseous disk. This migration process would eventually stop (Matsuyama et al. 2003) , and leave the planet(s) in a smaller, but safe, orbit.
RESULTS AND DISCUSSION
We now proceed to fit the model to the observed distribution of planetary SMA as a function of stellar metallicity. Since we are dealing with the optimum semi-major axis for planet formation, we expect that the most massive one (in each planetary system) will tend to be formed at that locus, and the Doppler shift technique is prone to discover the most massive planets orbiting a given star. There is of course the possibility that massive planets stay hidden in long orbits, beyond the sensitivity of the technique, or because the time line available is not currently long enough to enable detection. This is unlikely, since planets with periods reaching ∼ 11 yr have been uncovered. Their apparent absence in stars more metal-poor than [Fe/H] = −0.4 , however, is noteworthy. Against the possible explanation of this absence as the action of larger radial velocity uncertainties in metal-poor stars due to their shallower spectral lines, Santos et al. (2003) show that the mean uncertainty in the radial velocity determinations of the CORALIE spectrograph is only 1-2 m/s higher for metal-poor stars, as compared with metal-rich ones.
A possible source of selection effect is the fact that very short period orbits are not occupied by massive planets (Zucker & Mazeh 2002 , which may indicate that the migration process is more efficient for less massive planets. However, this phenomenon does not affect our main conclusions, as will be seen below.
In our analysis we consider, for each star that harbours more than one planet, only the most massive one and assume that there is no significant probability of finding still more massive planets. On the other hand, we disregard the "planets" with minimum mass above 10 Jupiter masses (MJ), since this is likely to be the upper limit for the mass of a planet (Jorissen, Mayor & Udry 2001) . Besides, if we consider the critical mass to be 13 MJ, and an aleatory distribution of orbit inclinations, the mean vaue of the true mass is around 1.3 times the minimum mass, and we have again a minimum mas of 10 MJ as a constraint.
Another point to be considered is the mass range of parent stars, from 0.32 to 1.60 solar masses. Our model does not depend on the stellar mass, although it influences considerably the temperature profile of the protoplanetary disk, not to mention its mass surface density. Therefore, we separate the planet harbouring stars according to mass ranges, in order to filter out this influence. Since the search for extrasolar planets is directed mainly at stars similar to the Sun, we limit the analysis to stars whose masses fall within two ranges of the solar mass, ±20% (72 stars, Fig. 1 ) and ±10% (46 stars, Fig. 2 ). The former accommodates reasonably well the mass determination uncertainties, which are of the order of ∼ 0.05 solar masses. As we show in the following paragraphs, our conclusions are not affected by the choice of this mass interval.
Data on orbital parameters was extracted from the Extra-solar Planets Catalog, maintained by Jean Schneider; the metallicity values were taken from the literature and from the Extra-solar Planets Catalog. Table I contains all data used in this work and the references for the data used.
The stellar age range of the sample thus assembled is a significant issue when one considers the timescale of the migration mechanisms, which act before the proto-planetary disk fully dissipates. We have plotted the stars of Table I in the theoretical HR diagrams of Schaerer et al. and references therein (1993) and have thus inferred stellar ages. These determinations suffer from heterogeneities in the sources of metallicity and effective temperature (for the latter, the sources of metallicity were used), besides the uncertainties in the models themselves. Given the fact that the ages thus determined have probable uncertainties of a few billion years (Gyr), we have divided the sample of Table I in stars termed "young", those with ages inferior to 1-2 Gyr, those "middleaged" like the Sun, with ages within 2 and 6 Gyr, and the "old" stars, older than 6 Gyr. No trend emerged between stellar ages and the planetary orbit parameters. Actually, examples of very young stars in our sample are compatible with ages of 0.3 Gyr or less (Porto de Mello & da Silva 1997, for HD147513; Kürster et al. 2000, for HD17051 ; see also Mayor et al. 2004) , and it is therefore reasonable to assume that migration processes stopped long ago, producing multiple populations. However, it is also reasonable to consider, given the absence of significant observational constraints for the time being, that the migration mechanism is the same for all stars. Although there is not yet consensus on how the migration process stops, saving the planets from being swallowed by their parent stars (at least the ones that have been observed), it could have spared a correlation between SMA and metallicity, for the ones that suffered a slight migration process. Thus, our model seeks to fit the observed distribution of planetary SMA as a function of stellar metallicity for the (almost) unmigrated planets. For the planets that suffered an intense migration process, it would be more difficult to distinguish between the different populations. Figure 1 shows the metallicity versus SMA plot for the most massive planets orbiting the 72 stars with 1 ± 0.2 solar masses. Jupiter is also included (at 5.2 AU), and is assumed to be an example of a planet that suffered little or no migration (Franklin & Soper 2003) . There is a clear growth curve, in light of our model, representing the planets that suffered mild or no migration, and distinct populations of planets that have suffered more severe migration. Even if we constrain even more the mass range, to 1 ± 0.1 solar masses, the growth curve is unaltered, as shown in Fig. 2 .
The fitting process of Eq. (10) produces a ZAPO curve as shown in Fig. 3 where the SMA of Jupiter and of the planets orbiting HD 75732 (5.9 AU) and HD 190228 (2.31 AU and [Fe/H] = −0.24 ) have been considered as constraints (almost unmigrated ones). We should take some value of αa between 0.5 and 1.5 and βa = 2 (cf. Eq. (2) and (3)); the constant c in Eq. (8) is inversely proportional to some range of values for Z where the ZAPO curve grows between the asymptotical limits established by Eq. (11); Z0 is the value for the point of inflection of the growing curve. We believe that t, a small quantity, may play the role of dynamical parameters of the stellar disk, and thus account for ZAPO curves for different stellar masses. There are simultaneous values of t and α that fit the constraints assumed but we have choosen those for which t is minimum; on the other hand it is rather easy to choose the values for c and Z0. The different populations of migrated planets are obtained by manipulation of the relation r(Z, n) = n ropt(Z). This procedure gives (taking Z0 = −0.25, c = 10, βa = 2.0, αa = 1.5, and t = 0.009) the ZAPO (n = 1) and the type II migration curves on Fig. 3 , for the most massive planets orbiting stars with masses around one solar mass. We can see that down to n = 0.01 there is no clear stratification of planet masses, as advanced in the begining of this section. We must also bear in mind that a mild pollution effect may have played a part in distorting the curves, particularly for the population of planets with tighter orbits, since their central stars must have engulfed more material (gas, dust and planets) in order to pull the (remaining) planets that close. Evidence that this possible offset in metallicity is lower than 0.1 dex in [Fe/H] is provided by Santos et al. (2003) and Pinsonneault et al. (2001) , who show the absence of any trend of possible metallicity enhancements with the mass of stellar convective envelope. An effect of this magnitude would only displace the stars slightly to the right, without altering the global shape of the data points and the curves.
CONCLUSIONS
The sample of extrasolar planets around stars with masses similar to the Sun produces a distinct population of migrated planets. However, the ZAPO curve, which is all that we hope to model so far, is necessarily a tentative one, since we have a scarce number of planets with larger SMA. This is probably because the Doppler shift technique requires more observational time in order to pinpoint larger orbits, and we expect that in the near future the ZAPO curve will be more easily delineated. It is also supposed, in light of the core accretion mechanism, that the larger orbits will not exceed much the current maximum, since the steep decline in dust surface density would require too much time for planets to form in the outer regions of the protoplanetary disk. The disk instability simulations, on the other hand (Mayer et al. 2002; Boss 2002b) , indicate that large planets could form at even larger distances (> 10 AU).
The scenario of our model predicts that the metalpoorer stars have fewer giant planets not only because the dust surface density profile is affected, but also because the ones formed lie initially closer to the central stars, and have therefore been more frequently absorbed by the central stars as a consequence of the migration process. Given the statistical significance of the lack of long period planets in metalpoor stars, this is a prediction of our model that may be borne out by future observations, as the sample of detected extrasolar planets steadily increases. Also, we note that an enhanced probability of planet engulfment for the metalpoor stars would reflect in an enhanced efficiency of effectively observed planetary companions in metal-rich stars. This function would qualitatively be a steepened version of the ZAPO curves, since for metal rich stars the migration process would tend to leave behind multiple populations of survivors, but for metal-poor stars the close-in optimum formation radius would make for a more efficient engulfment of planets, leaving behind an observational void. Qualitatively, this is in very good agreement with the results of see their Fig. 7) and also explains recent statistical studies by Sozetti (2004) indicating that close-in planets are more likely to be found around metal-rich stars. Therefore, the arguments used to put forward the ZAPO model can explain the observed frequency of planetary companions with metallicity, but the argument cannot be turned around to obtain the former from the latter.
We have to emphasize that the model presented by this work is very simple, and that undoubtedly other factors should enter the picture in the future, as more observations become available. For example, the lower asymptotic value of ropt, in Eq. (11), which is always one regardless of our choice of parameters, is probably a consequence of secondary variables unaccounted for in our basic equations. Yet, it is interesting to see that it does fit the upper envelope of the observed points and provides a physical explanation for the lack of long period planets in metal-poor stars.
We acknowledge the fact that the parameter n, which embodies our ignorance on the migration process, will probably turn out to be quite complex. The very fitting process of the curves shown in Fig. 3 suggests that the so called type II migration process is not the only one that influenced the final orbits. However, even with the approximations assumed in this work, we believe that the model, coupled with a metallicity versus SMA plot, is a simple and useful tool for probing the evolution of planetary populations.
The model predicts the optimum region for planet formation, but offers no clue as to the mechanism that triggers the planetary formation. A possible answer lies in the theory that the general radial gas density profile is probably subject to many local density enhancements, which attract solids due to pressure gradients and trigger planet formation (Haghighipour & Boss 2003) . Therefore, the density enhancement located near or at the optimum point would naturally evolve more rapidly.
Finally, it is also worth mentioning that the same model presented in this work can be tested against the formation of rocky planets, as soon as sizable samples of these become available, only that this time the temperature factor shifts to the temperature that allows the existence of dust particles.
